ABSTRACT The cardiovascular capacity of turkeys is considerably affected by the selection procedure for meat production. To determine the body weight-related changes of some quantitative characteristics of the turkey heart function, serial measurements were carried out. BUT Big 6 turkeys (both sexes) were examined using whole-body magnetic resonance imaging (MRI) and spiral computer tomography (CT). Based on dynamic MRI examinations the following significant age-and sex-dependent quantitative differences were found. Means of the left ventricular stroke volumes were measured at the ages of 12 wk (males, 4.18 mL; females 2.89 mL), 16 wk (males, 6.56 mL; females, 4.14 mL), and 20 wk (males,
INTRODUCTION
As an effect of the continuous selection for meat production of poultry, an extremely strong increase in growth rate has been reached, especially in the turkey. This process substantially affects the feed intake and also intermediary metabolism. Because heat produced mainly originates from substrate oxidation, oxygen consumption is also perceptible as a loading factor of the respiratory system. Moreover, the increased oxygen transport necessarily leads to an increased demand on the circulatory system (Emmans and Kyriazakis, 2000) .
Increasing frequency of meat quality problems in commercial turkey flocks is reported from the poultry industry (Rémignon and Le Bihan-Duval, 2003) . The link between the growth rate and susceptibility to muscle disorders becomes more and more evident. Muscle abnormalities, such as deep pectoral myopathy, have long been recognized and appear to be a consequence of the inability of the cardiovascular system to meet the oxygen demands of the rapidly growing tissues, particularly under stress. More To whom correspondence should be addressed: romvari.robert@ sic.hu. 696 8.17 mL; females, 5.16 mL). Average cardiac output (CO) values were 0.76, 1.14, and 1.33 L/min for males and 0.58, 0.79, 0.93 L/min for females. A statistically unproven agedependent increasing tendency in the estimated relative CO value (skeletal muscle tissue volume measured by CT/CO unit) of male and female turkeys was found under sedentary conditions. These changes in the relative CO value and also the determined decrease of CO value related to body surface may, in theory, indicate a disadvantageous process that is more pronounced in males. The combined application of CT and MRI can be a powerful approach for studying the relationship between skeletal muscle development and heart capacity.
recently, an increased incidence of other muscle disorders, such as meat toughness and pale, soft, and exudative (PSE) meat have been reported in turkeys (Mitchell, 1997) .
According to Horn et al. (2000) , the decrease of the loadability of the turkey due to the increased skeletal muscle volume can partly be explained by the unfavorable low relative heart weight. Their comparative examinations on present type BUT Big 6 and Bronze type turkeys, bred in the 1960s, described that the relative heart weight decreased from 0.57 to 0.32% in the present type and from 0.59 to 0.51% in the Bronze genotypes between 6 and 16 wk of age. Shapiro et al. (1998) published a similar finding, positioning the initiation of the above-mentioned decrease of relative weight to the third week of age in turkey.
These results, complemented with the losses during the fattening period, partly caused by the sudden death syndrome (SDS), do justify the need of functional heart examinations. Boulianne et al. (1993) studied the effects of physical exercise on the cardiovascular and respiratory system of heavy turkeys. The authors pointed out that the cardiac response to physical load was very limited, whereas gas exchange and pulmonary capability remained within normal limits. After exercise the blood pressure decreased and the heart rate increased, and 54% of the turkeys devel-oped arrhythmia. The pathogenesis of turkey SDS is still unknown, although postexercise cardiovascular changes can be severe enough to cause death (Boulianne et al., 1992) . Some other circulatory disorders, such as aorta rupture and spontaneous turkey cardiomyopathy (round heart syndrome), also cause increased mortality of turkeys (Julian, 1998) .
Our aim was to develop a dynamic magnetic resonance imaging (MRI) method for the quantitative measurement of the turkey heart and to determine basic heart capacity data jointly with skeletal muscle volume estimation of meat-type heavy turkeys.
MATERIALS AND METHODS
For the development of the method, 8 meat-type heavy turkeys (ranging from 18 to 22 kg, 20 to 22 wk of age) were used. The basic data collection on heart performance was based on the serial measurements of 5 male and 5 female BUT Big 6 turkeys (12, 16, and 20 wk of age). Birds were raised in a closed, environmentally controlled building on litter at the test station of Kaposvár University, Faculty of Animal Science. The birds were provided commercial feeds used for turkey fattening.
The primary condition of successful cross-sectional imaging by MRI is to minimize motion; thus, inhaled anesthesia was applied without premedication and intubation. According to Olkowski and Classen (1998) , a mixture of isoflurane and oxygen gas was used with the application of a narcotic mask and unit. 2 In the initial period of 5 min, 5 vol% of isoflurane 3 and 2 vol% oxygen were used. Thereafter continuous deep narcosis was obtained using 1.2 to 1.6 vol% isoflurane and 1.5 to 2 vol% oxygen. After the narcotic period, pure oxygen was provided for up to 5 min. The awakening lasted 7 to 10 min in closed, temperature-controlled cages under continuous monitoring.
The MRI was performed using a Magnetom Vision Plus type equipment 4 with 1.5 T magnetic field. We used the methodology described by Petrási et al. (2001 Petrási et al. ( , 2003 , which proved to be highly successful in pig examinations. The computer tomography (CT) scanning was carried out on Somatom S40 spiral scanner 4 according the method published by Andrássy-Baka et al. (2003) .
The MRI images were been evaluated with specialized software (MASS 4.0, magnetic resonance analysis software system) 5 developed to evaluate multiphase-multislice dynamic magnetic resonance images of heart ventricles. CT scans were evaluated by means of the Medimage software. The images were adjusted to take 10 mm thick imaginary slices from the turkey body. The picture-forming pixels are small prisms of defined volume making it possible to determine the part of the total volume of the examined 2 Penlon Ltd., Abingdon, UK; Datex-Ohmeda, Helsinki, Finland. scan that falls into the Hounsfield unit (HU) interval of interest. This process enabled us to estimate the muscle volume from the serial scans covering the total body. The details of CT scanning and data processing were published by Romvári et al. (1998) . The age and sex effects of the measured heart performance and body composition traits were evaluated by general factorial ANOVA, in which age and sex were handled as fixed factors of the model (SPSS, 1999) .
RESULTS AND DISCUSSION

Development of a Dynamic MRI Method
For the examination of the heart characteristics in vivo, dynamic MRI methodology was developed for the turkey. Measurements were carried out on 8 meat-type birds under narcosis. During the imaging process, ECG gating synchronized the data acquisition with the heart pulsation. To obtain the proper signal strength from the electrocardiograph, the electrodes were fixed on the deplumed breast. The electrode attached to the signal cable was fixed at the caudal end of the sternum; the other 2 were directed to the claviculae. Afterwards the turkeys were placed into magnetic-resonance-compatible special plastic containers and were restrained with belts in a ventral posture with extended limbs. At first, quick images were made to locate the heart according to the coordinate system of the body. Next, localization images were taken in saggittal, coronal, and transversal planes to locate the longitudinal axis of the heart. The aim of these 2 examination steps was to define the longitudinal and transversal axes of the heart, on which the transversal plane images are based. The dynamic images were taken orthogonal to the longitudinal axis of the heart, from the apex to the base, covering all ventricles and atria, performing prospective data aquisition (Figure 1) . Depending on the heart frequency and on the size of the heart, 5 slices and in each slice 5 so-called cine (motion) images were acquired prospectively, according to one heart cycle ( Figure 2) . The phases applied were characterized by the following data: echo time: 6.8 ms, repetition time: 40.0 ms, θ: 30°, field of view: 400 mm, matrix size: 125 × 256 pixels, slice thickness: 9 mm, and slice gap: 0 mm. The total data acquisition took ca. 10 to 12 min. During the postprocessing of the MRI images, the contour of the left ventricular epicardium and endocardium was defined. Moreover, the left ventricular volume was determined, and the stroke volume was also computed as the difference between the end diastolic and end systolic data. The calculated ejection fraction was given as the percentage of the stroke volume to end diastolic ratio. Finally the cardiac output (CO) value was evaluated as the product of the heart rate and the stroke volume.
The heart rate was monitored during the total time of the MRI examinations. The registered heart rate values corresponded to the relaxed state data of the age and type categories investigated. Before the examination and during the imaging process, the electrocardiograph curve was normal. Accordingly, the effects of stress appeared to have been reduced considerably in the course of the imaging process, which strengthened the accuracy of the results.
Characterization of Heart Performance
MRI Results. The data collection was performed at 12, 16, and 20 wk of age based on the serial measurements of 5 male and 5 female BUT Big 6 turkeys. Measured and estimated mean volumetric data are shown in Table 1. In the examined age interval, male turkeys always had higher ventricular volumes. The left ventricular end diastolic and end systolic volumes showed a 2-fold increase in males and a 1.5-to 1.3-fold in females between 12 and 20 wk of age, respectively. Accordingly, a continuous increase of the FIGURE 3. Body surface value related to body weight unit.
stroke volume values was measured; the males showed a slightly higher increase (1.9 and 1.8-fold). Similar, ageassociated alterations of stroke volume in broilers were published by Wideman (1999) . The ejection fraction values varied between 48 and 59%, irrespective of age and sex, and indicated a normal physiological condition. The stroke index in the turkey appeared to be lower than that of other bird species, such as the duck and the pigeon (1.6 and 1.97 mL/kg) (Grubb, 1982) . This finding may reflect that, as a result of genetic selection, a so-called sedentary bird has evolved (Ringer et al., 1957) .
The heart rate showed a likely age-associated decrease in both sexes, whereas a reverse tendency in the CO values was measured ( Table 2 ). The same pattern of heart rate and stroke volume was described in broilers by Wideman (1999) , who reported that the CO increased with body weight due to the increase of stroke volume, despite contemporaneous reductions in the heart rate. In general, activity requires an acute increase in CO to match the increased metabolic rate. In birds much of this increase is due to the elevated heart rate (Whithers, 1992).
CT Image Analysis
The physical resolution (voxel size) of the applied scanning protocol was 10 mm 3 , which was characterized with an average X-ray density value. Through evaluation of the CT scans, we defined total muscle volume of the body, lean meat percentage, and outer surface of turkey bodies (Table 3 ). The measured BW and the estimated lean meat percentage data can be characterized as normal values typical to heavy-type turkeys. The repeated cross-sectional imaging procedures performed on the same birds did not negatively influence growth and body component changes during the experiment. From the viewpoint of heat loss, an unfavorable tendency is shown in Figure 3 , which was proven (P < 0.05).
In contrast with the increased heat production of the growing birds, a pronounced decrease of the relative body surface could be observed. Theoretically, these disadvantageous changes, coupled with the insulation effects of the feather cover do load the respiratory and circulatory systems and stress the heart (Scheele, 1997) . On the other hand, if blood is redirected to the skin, it may cause a relative local oxygen deficiency in other tissues, pronouncedly in pectoral muscles (Mitchell, 1997) . The latter effect is enhanced by the age-dependent decrease of capillaries within one tissue section surface unit and also a decrease of fiberto-capillary ratio in the pectoralis superficialis muscle of turkey (Salomon et al., 1990) .
Combined Data Processing
The joint evaluation of the results of functional MRI and volumetric CT examination made it possible to create a special index value. In the human medicine the CO value related to body surface is widely used to characterize the metabolic rate. In our study the respective data were 28.3, 25.6, 25.6 dm2/(L × min -1 ) for males and 29.6, 26.6, 24.4 ) for females at the ages of 12, 16, and 20 wk. The estimated values tended to decrease by age in both sexes without statistical differences. In general, a decrease in circulation related to surface unit resulted in a substantial decrease in the heat loss capability. This seriously affects the heat loss capability of large turkeys, because there has been a considerable increase in heat production as a consequence of selection.
In our previous work (Petrási et al., 2003) , an index value was developed termed "relative cardiac output value" [dm 3 /(L × min -1 )] to express the relationship between pig heart capacity and skeletal muscle volume under sedentary conditions. As a statistically unproven tendency, the estimated relative CO values (skeletal muscle tissue volume measured by CT/CO unit) of male turkeys were 5.57, 6.36, and 6. ) during rest at the ages of 12, 16, and 20 wk, respectively. It was found that these evaluated performance parameters tended to increase parallel with BW with the males' respective data always being higher without proven differences.
It is remarkable that the numeric value of relative CO was similar to that of fast-growing meat-type pigs (6 dm 3 / (L × min -1 ), at 90 kg of live weight (Petrási et al., 2003) . As a general outcome of selection, the skeletal muscle development may lead to increased relative CO probably being more pronounced in males, which could be interpreted as a decrease of the circulation reserves of fast-growing meattype turkeys. Referring to the results obtained by Boulianne et al. (1992 Boulianne et al. ( , 1993 , the cardiac capacity of the heavy turkey in response to mild exercise appears to be very limited. The failure of the cardiovascular system to respond adequately to increased metabolic needs suggests that the hemodynamic failure is a major component in the pathogenesis of SDS of turkeys. In heavy birds, this syndrome is responsible for approximately one-quarter of total losses. In a broiler study, Olkowski and Classen (1998) observed 4.55% SDS cases among the heart-related mortalities; males represented 74% of the total. In our opinion the slight sex-dependent differences measured in relative CO of turkeys may indicate greater sensitivity of males to cardiovascular disorders. According to sport scientists, the most significant interplay during exercise is between the cardiorespiratory system and skeletal muscle, which determines oxygen supply and demand (Richardson et al., 2000) . The responses of the 2 systems to exercise are so closely interrelated that it is difficult to determine the effector from the affector.
According to the approximation of Emmans and Kyriazakis (2000) , the physiological systems of an organism can be described as proportions of the body. Based on this concept, the increase in one part must lead to the decrease in at least one other. Turkeys are the best example for a strong selection for the yield of only a single part, the breast; however, it seems that such selection has also increased the yield of skeletal muscle in general (Emmans, 1989) . This increase could have fundamental consequences on the balance of the physiological systems, in which the circulatory system appears to be one of the first to fail. In broiler chickens selected for rapid growth, the cardiorespiratory system can be characterized by slower development than muscle tissues. However, the ability of turkeys to adapt to stimulation of the metabolism by environmental factors (e.g., high protein or metabolic energy level) is limited (Sanches et al., 2000) .
As hypothesized by Emmans and Kyriazkis (2000) , it could be predicted with confidence that the end point of such selection would be negative. Our results emphasize this viewpoint. In theory, it has been a possibility to select animals for fast growth and a highly effective circulatory system. As far as the authors are aware, there are no data in the literature on the heritability of heart functional capacity traits in turkeys. According to Rance et al. (2002) , the moderate heritability value (0.30) of the heart weight and its favorable correlations with breast and eviscerated body mass could be used in commercial selection of broiler chickens. This experiment was designated to develop an appropriate in vivo method for this purpose. Based on the investigation, specific details of the dynamic MRI of the turkey heart were developed. This method, combined with CT imaging covering the total body, resulted in basic heart performance data related to body surface and skeletal muscle mass unit in heavy meat-type turkeys that were between 12 and 20 wk of age. This joint approach could be very useful to study the effects of selection for growth rate on the relationship of the skeletal muscle development and heart capacity.
